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 Prediction of the clip reactions of a standing seam roof in a metal building under 
dynamic loading is of great interest because currently static uplift tests are the standard 
for determining the design load capacity.  The use of a static test to replicate a dynamic 
loading leads to a great amount of debate because clearly a standing seam roof visually 
behaves very different under the two different types of loads.  This leads to the question 
of whether a static test accurately replicates the magnitude of loads that the roof clips 
would feel under a dynamic wind load.   
 This study uses a magnetic suspension uplift loading for the simulation of wind 
tunnel data in comparison with the ASTM E-1592 “Standard Test Method for Structural 
Performance of Sheet Metal Roof and Siding Systems by Uniform Static Air Pressure 
Difference” test to determine clip reactions. An approximate finite element model is also 
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The state of the art on wind loading presents an extremely complex problem.  
Data from field instrumentations of roofs and test results from boundary layer wind 
tunnel research have established that the applied loads are highly dependent on multitude 
of variables that are beyond the objectives of this research.  However, the wind loading 
intensity is nonuniform and dynamic.  Simulation of this loading in time and space when 
applied to standing seam thin sheet metal roofing is the primary objective of this 
research, and the work reported here emphasizes the evaluation and prediction of the clip 
reactions. 
The advanced use of complex geometrical forms for standing seam metal roofing 
systems, connections, and supporting parts make the scientific and logical computations 
for a safe and workable design loading scheme extremely difficult.  The work reported in 
this research covers only the classical thin standing seam metal roofing commonly used 
by the metal building industry in the U.S.   
Recently, research work on establishing and assessing wind loads on low rise 
buildings using boundary layer wind tunnel testing on 1/50 scaled models has been 





building codes in a reasonably simple uniform loading formulation intended to be used 
for design purposes. 
Laboratory testing to simulate wind loading using uniform loading conditions 
induced by compressed air or partial vacuum are presently used.  These static uniform 
loading methods of testing do not represent, or even come close to simulate, the true wind 
loading spectrum.  Accordingly, the test results using this form of static uniform loading 
have been the center of continuous debates and appraisals by structural design engineers, 
wind engineering specialists, hazards mitigation experts, forensic investigators, and 
scientific researchers.  Field surveys of wind loading on roofs and wall panels undertaken 
under high wind velocities and after severe storms have confirmed the disparity in the 
simulation.  Most of the recorded field failures were not those observed in the simulated 






 Clemson University attempted to use influence surfaces to create the effect that 
varying roof pressures have on the roof clips so that a dynamic hurricane level winds 
could be simulated in a laboratory [1].  Using wind tunnel data obtained from the 
University of Western Ontario that simulated hurricane Andrew level winds and 
influence coefficients a dynamic time history pressure trace was developed. The 
BRERWULF system was used to apply the equivalent time history pressure trace. 





expected to occur since the time history was developed from simulated hurricane Andrew 
level winds.  The research done failed to accurately measure and report the clip reactions 
in the standing seam roofs tested in spite of the extensive instrumentations used. 
Due to the unexpected results, the research created further questions on how to 
successfully simulate high winds in the laboratory.  
 
The Current Approach to Dynamic Wind Loading 
 The need for an accurate dynamic wind simulation test is needed because the 
current static uplift test does not accurately represent the true effects of the wind.  The 
static test places a uniform pressure over the entire surface of the roof, which is highly 
unrealistic. The wind creates pressure variations on the roof that vary spatially and with  
time. Therefore the standard design procedure currently used by the Metal Building 
Manufacturers Association (MBMA) uses statistical averages that are weighted by factors 
based upon the location and terrain to try to take into account the effects of the wind [2].  
 Since the induced pressures vary with respect to time and space, data collected 
from wind tunnel experiments must be averaged with respect to time and space. 
Therefore, the pressure coefficients are defined in terms of time averages and are based 
on corresponding time averaged velocities.  Since the pressure coefficients are a function 
of the mean velocity then the pressure at any point on the roof can be expressed as the 
mean pressure plus the excursions from the mean pressure. The excursions from the mean 
pressure are based on the root mean square coefficients, and the root mean square 





component in question. Figure 1.1 shows a graphical representation of the concept 
described above along with a description of the terms [2]. 
 Due to the fact that pressures are not organized with respect to time or space over 
a building surface, the pressure variations over the surface of a roof are unique at each 
instant in time. This phenomena is illustrated in Figures 1.2 and 1.3 from the 1996 
MBMA manual. To reduce the complexity of the pressure variations the current MBMA 
design procedure specifies that metal buildings should be designed using pressure zones. 
The design procedure divides roof into three zones, the interior, edge, and corner zones. 
The American Society of Civil Engineers uses a similar design approach using the three 
zones that MBMA uses plus an additional transitional zone between the edge and interior 
zones [3]. 
 Because the nature of wind loading is rather complex, for design ease the design 
procedures described above are used. However, they clearly over simplify the effects of 
wind loading because wind damage still is a major cause of damage in metal buildings. It 
is for this reason that MBMA has sponsored this extensive research work at Mississippi 
State University to conduct wind load simulations using an electromagnetic approach to 
































Figure 1.2: Wind-Induced Pressures on Purlin A-B at time t0 
 
 






Objectives of the Research 
 
The primary objective of this research work was the development of a test method 
that simulates the non-uniform and dynamic unsteady characteristics of wind loading 
conditions in time and space on a standard thin sheet of standing seam metal roofing.  
After confirming that the test set-up was adequate to simulate the unsteady wind forces, 
full scale roofs were tested with the intentions of monitoring the roof behavior and 
performance under true wind loading.  Instrumentations were placed critically on the full 
scale roofs to monitor the response of the roof and its load transfer characteristics.  The 
response of the tested roofs to loading were recorded on video tapes, monitored with 
continuous load deflection measurements and load sensors placed at critical and specific 
points.  The load transfer measurements were gathered from reaction forces at the clips 
connecting the standing seam metal roofing to the supporting purlins. 
In addition to the nonuniform and dynamic roof uplift testing described above, the 
research work established the static characteristics of the standing seam metal roof under 
uniform uplift pressures.  The ASTM E-1592 “Standard Test Method for Structural 
Performance of Sheet Metal Roof and Siding Systems by Uniform Static Air Pressure 
Difference” was used for this purpose [4].  The static uniform loading tests were intended 
to serve as a reference to the test data and results from the dynamic nonuniform loading. 
 A finite element model was also developed to predict the clip reaction of each clip 
under static loading and dynamic loading. The use of the finite element model allowed 





dynamic loading. Use of the finite element model also helped with understanding the 
behavioral characteristics of the experimental set up. 
 
Scope of Work 
 
 A comparative study is performed on the clip reactions of the standing seam roof 
so that a correlation between the current static test and the more accurate dynamic test 
can be established. The study uses the static uplift ASTM E 1592 test, which is the 
standard procedure used by the metal building industry. The dynamic test data is  
acquired through dynamic magnetic uplift testing and the finite element predicted clip 
reactions are from a finite element model developed for use in this project. After using all 
of this information, it is hoped to prove that the dynamic uplift testing is much more 
accurate than the traditional static test to predict the roof strength and performance under 
real life nonuniform dynamic wind loading, and to show that a finite element 
computational approach to the problem is feasible, reliable, and a more cost effective 
solution due to the high cost and upkeep of the dynamic experimental test setup 
apparatus.  
The following objectives are set to be achieved in the research reported here: 
 
• Determine the static clip reactions for reference. 
• After a match of the UWO data with the magnetic suspension uplift loading has 
been completed, determine the clip reactions that the simulated 110 mph wind 
will cause. 






• Compare the static test with the dynamic test to determine if the clip reactions are 
close in relative value. 





EXPERIMENTAL SETUP AND TESTING PROCEDURES 
 
 
To aid understanding of the concepts that are discussed in this study a description 
of the experimental setup is needed. This chapter describes the physical experimental 
setup and the basis for simulating the dynamic wind loads. Also, the notation used for 
magnet and clip locations is explained in detail. The test procedure for the static test and 





Physical Experimental Set-Up 
The full scale standing seam roof was made of 22-gauge galvalume sheet metal 
roofing commonly used by the metal building industry in the U.S.  The full scale roof 
system was furnished in its entirety including all materials, attachments, parts and 
procedure for installation by Ceco Building Systems of Columbus, MS.  The roof was 
made of five-two foot panels, twenty feet four inches long, supported on 5 purlins spaced 
at 5'-1".  The roof was installed on top of a uniform air pressure chamber at the Kelly 
Gene Cook Wind Simulation Laboratory at Mississippi State University (Figure 2.1).  
Magnetic nodal points were placed on top of the roof at variable gap distances and 





electromagnetic nodal points was established on the basis of the data provided by the 




Figure 2.1:– Kelly Gene Cook Wind Simulation Laboratory 
 
 
The experimental setup used for the static and dynamic tests is shown in Figure 2.3. This 
setup is the standard full scale design as specified for the ASTM E-1592 static test. The 
setup was used to acquire data for both the static and dynamic wind loading so that a 
direct correlation could be drawn between the two sets of data.  Figure 2.4 shows the 
location of each of the thirty-four magnets and the six recorded clip reactions. The 
numbers shown on the diagram for the magnets and the clip reactions are the magnet and 





























  Figure 2.3: Schematic of Roof Layout






Figure 2.4:  Numbering Scheme for the Magnets and Measured Clips 






Significant technical challenges were faced in generating the needed pressure 
intensities within the temporal gradients and spacial criteria of the test set-up. The 
physical limitations of the underlying problems were exhaustive.  The most critical issue 
was the level of uplift forces needed to simulate peaks of high wind velocities on thin 
sheets of metal roofing because of the potential for electromagnetic saturation.  This 
difficulty was finally overcome by using thin blanket of steel washers interconnected to 
each other by duct tape, top and bottom, and that were free to move independently from 
the metal roof. The independent blanket of metal backing allowed the magnetic nodal 
points to induce the needed high peak forces.  Also, metal strips, 6" long, were used on 
both sides of the ridge of the seam line to duplicate the purpose of the steel washers.  The 
washers and the metal strips were not attached to the roof, and only after pressurizing the 
chamber they were picked up to touch the roof sheets. The blanket of steel washers and 
steel ridge plates are shown in Figures 2.5 and 2.6 respectively. 
 






Figure 2.6: Steel Ridge Plate 
 
Instrumentation 
The following instrumentations were used to provide continuous data acquisition 
over the duration of the wind loading simulation and the static ASTM E 1592 tests: 
• A pressure transducer for monitoring the uplift air pressure inside the pressure 
chamber.  The data from this electronic pressure transducer was checked at 
intermittent times against a pressure differential piezometer to confirm the accuracy 
of the readings. 
• Load cells for monitoring the induced uplift suction forces created by each of the 
electromagnetic nodal points.  These load cells were secured in a protected 
environment to each nodal point.  A total of 34 load cells were used, one for each 
nodal point, and readings were collected at the rate of 20Hz (20 readings per second). 
• Load cells for monitoring the clip reactions, due to roof uplift pressures.  A total of 





first interior purlin were given even numbers (No. 2, 4, and 6), and odd numbers to 
the clips on the central purlin (No. 1, 3, and 5). 
• LVDT transducers for deflection measurements.  Two LVDT transducers were used 
at mid span of the roof between the first interior purlin and the central purlin.  One 
LVDT was placed on top of the seam line, and the other at mid span of the flat part of 
the sheet panel (Figure 2.4). 
 
Tests Performed Using the Experimental Set-Up 
 
 
Static Tests-ASTM E 1592 
Several full-scale roofs were tested for this project using the ASTM E 1592 test 
set-up.  The loading procedure followed those presented by these specifications [4]. 
Continuous data was gathered on all roofs.  However, only the test results from the last 
two tests, Test #2 and Test #3 will be presented here because the other tests were pilot 
and experimental tests that were used to verify and alter, as needed, the data acquisition 
system and the test set-up. 
The standing seam metal roof with purlin spacings of  5'-1",  was used for these 
tests.  This layout was selected so that the roof will withstand a design load for a 110 mph 
wind as per applicable provisions of the ASCE, 7-98, Standard Building Code 1997, and 
MBMA wind loading specifications [5].  Tests using ASTM E 1592 were previously 
performed independently by CECO Corp. at their laboratory on this roof.  The ASTM E 






The main interest and objective of running the static tests was to create a 
reference file on the performance of the roof under static loading that could later be used 
for comparison and correlation purposes.  The load deflection curves for loading and 
unloading, and the load transfer reactions at the clips were recorded.  However, the best 
record of the roof performance under load can be found in the still pictures and the 
continuous video film of the roof that were taken while testing.   
 
Static Uniform Loading - Test #2 
 
Two static tests were performed on full scale roofs.  The first static test, referred 
to here as Test #2, was not carried up to failure mainly because the roof was needed for 
additional experimentation using the electromagnetic uplift wind simulation testing.  
Therefore, the test was terminated at a net static air uplift pressure of 70 psf.  This 
pressure represented approximately 95-100 mph wind, depending on which applicable 
code is used, versus expected design failure at 110 mph.  
 
Static Uniform Loading - Test #3 
 
The second full scale static test followed the ASTM E 1592 loading procedure up 
to failure of the roof.  The roof performed as expected and duplicated all the data 
gathered from the static uniform loading of Test #2.  Therefore, it was decided, and as per 
ASTM Specifications, that there was no need to run a third static test on this roof.   
 
Dynamic Magnetic Uplift Tests 
 
Non-uniform dynamic uplift forces were produced in this research by using 





nodal points were electronically induced, monitored, and adjusted to produce dynamic 
suction forces.  Extensive research on the efficacy and optimization of the induced 
electromagnetic forces in the grid system was investigated. The induced electromagnetic 
forces were then programmed to simulate a given data file of non-uniform dynamic wind 
loading.  Boundary layer wind tunnel data was used to generate the data file.   
The research presented here involved full-scale testing.  Wind load forces 
generated from wind tunnel testing that was done at the University of Western Ontario 
were recreated on the full-scale model.  Thirty-four magnetic actuators and embedded 
processors were suspended at variable gap distances from the metal roof to generate the 
non-uniform unsteady uplift pressures.  The system is assumed to generate realistic forces 
similar to those experienced by a metal roof structure under real life high wind 
conditions.   
 
UWO Test Data 
 
UWO boundary layer wind tunnel data was used as the basis for the magnetic 
simulation.  The UWO data was developed using the most critical angle for loading and 
corresponded to a 110 miles per hour wind velocity at thirty three feet above the ground. 
The data was provided at 20 Hz for each area corresponding to the thirty four magnetic 























The uplift suction forces were applied by each nodal point to represent the total 
uplift wind forces for that area.  The centroid of the nodal point was placed at the center 
of the area as designated by the UWO wind tunnel data.  Each node consisted of an 
actuator, an electronic control board for the electromagnet, and a load cell for verification 
of the force produced.  The system was programmed to generate time-tailored forces 
equivalent to the forces of 110 mph as supplied by the UWO, wind tunnel data. 
 The loading procedure for the wind loading simulation was as follows: 
1. A uniform pressure of 22.9 psf was applied over the entire roof for the test 
duration. 
2. A computer driven command of electromagnetic suction forces that recreate 
fifty percent of the forces in time and space from the UWO wind tunnel data 
was released to all nodal points. 
3. Data acquisition was used to record the electromagnetic forces and clip 
reactions at a rate of 20 readings per second for the duration of the 
approximately five minute long test. 
4. The data was analyzed to check the proximity of the created magnetic forces 
to the magnitude and phase of the UWO data. 
5. If the data did not match the UWO adequately then the gap distance from the 
sheet of the magnet was adjusted. 







Comparative plots of the true wind loading from the UWO wind tunnel data and 
the applied forces using the induced electromagnetic suction after a complete iteration are 
shown in Appendix A.  In general using the magnets for wind simulation was successful. 
As can be seen in Appendix A, the match, as expected, was not perfect at all the nodal 
points and did not match all of the sharp peaks as given in the UWO data. 
In order to verify that the electromagnetic test set-up was capable of repeating 
itself and duplicating the test results, another complete dynamic test was performed, Test 
2.  The test results from electromagnetic testing, Test 1 and Test 2, are shown 
superimposed on top of each other in Appendix B. This shows clearly that the tests are 
perfectly and dependently repeatable and leads to establish the needed testing confidence 
















FINITE ELEMENT MODEL DESIGN FOR PREDICTING  
CLIP REACTIONS 
             
The objective of this phase of the project is to develop a finite element model of 
the standing seam roof set-up used in the research project.  The reason for developing the 
model is to give additional validity to the anticipated and experimentally measured results 
obtained from full scale roof testing.  The finite element model also would be an 
economical alternative solution to the expensive and labor intensive standing seam roof 
set up used to obtain the experimental data. Furthermore, the finite element model will 
allow extensive and comprehensive computational means for predicting clip reactions 
under wind loadings from wind tunnel data on model roof testings. 
 By modeling the roof as closely as possible, and comparing the uncalibrated 
theoretical 25 psf clip reactions with the experimental clip reactions for a 25 psf uplift 
pressure on the roof, it is hoped to show that the experimental reactions and theoretical 
reactions are in the same vicinity of answers. After proving that the experimental data is 
within the correct range for the particular uplift pressure, the finite element model is to be 
calibrated using the experimental data to better predict exactly how the experimental roof 
set-up is behaving. Once calibrated the finite element model can then be used to predict 





Model Element Formulation 
To model the experimental standing seam roof setup the ANSYS Shell 63 element 
was chosen. This particular element was used because the roof under loads less than 
approximately 70 psf behaves elastically, which is the region of loads that the model 
needs to replicate successfully. Also, the Shell 63 element was used because the sheet 
thickness is very thin compared with the overall area that the sheets cover.  
Four different formulations of the Shell 63 element are used to make up the model 
due to variations across the sheet. Two occur on the pan and ridge of the sheet, in the 
region where the magnetic forces are applied there are washers under the pan of the sheet 
and steel plates along the ridge. In order to get an accurate model these added weights 
were taken into account in order to perform a comparison between the experimental and 
theoretical clip reactions. This was accomplished by applying a gravity load on these 
areas. The shell elements used in the pan of the sheet had a mass per unit area of  0.123 
slugs added, and the elements used on the portion of the ridge affected by the steel ridge 
plate had a mass per unit area of 0.468 added so that the model could accurately reflect 
the affects of the washers and steel plates. 
The third Shell 63 formulation was used to model the areas of the sheet not 
affected by the washers and ridge plates. A shell thickness of 0.033 inches was used to 
model the pan of the 22-gauge sheet and a large portion of the sheet ridges. The dead 
weight of the sheet was neglected due to its small value relative to the applied loads. 





The area where the ridges are seamed was modeled using a Shell 63 element with 
a thickness of .66 inches, which is twenty times the thickness of the actual sheet. The 
thickness in this region was increased because the seam of the roof provides a large 
portion of the roofs stiffness and therefore influences the clip reactions. The mass per unit 
area was also set to zero for this portion since the added washer and ridge plates did not 
directly affect the elements along the seam line. Model statistics are shown in Figure 3.1. 
Figures 3.2 and 3.3 show the placement of the four different kinds of Shell 63 
elements. The aqua region is the third variation of the shell 63 element which is placed in 
areas with no washers or ridge plates. The purple region is the area where the ridge plates 
are located. The red region is where the washers are located and the blue region along the 




                                                                               
 
 






• Element Types Used: 
o Structural 3-D Shell – Shell 63 
• 4 Nodes in 3-D Space 
• DOF: UX, UY, UZ, ROTX, ROTY, ROTZ 
o Combination Torsional Spring Damper- Combin14 
• 2 Nodes in 3-D Space 
• DOF: ROTX, ROTY, ROTZ 
 
• Material Properties 
 
o E = 29000 ksi 
o Poison’s ratio = 0.3 
 
• Real Constants 
o Shell Thickness at Node I,J,K,L = .033 inches and .64 
o Spring Constant used in the Torsional Spring- 5 lb/ft 
o CTOP = thickness/2 
o CBOT = thickness/2 




o Elements fitted into an area modeled to resemble the experimental setup as 
close as possible. 
 
• Boundary Conditions 
o All screws were modeled as torsional springs with because the line of screws 
along three of the sides provided a degree of restraint.  
 
• Loads Applied 
o A 25 psf uplift pressure was applied to the under the entire surface of the roof. 
 
• Model Information 
o Number of Elements – 24,795 
o Number of Nodes – 25,112 




















Figure 3.2:  Location of the different Shell 63 variations 
 
 





Geometry and Boundary Conditions 
 
Figure 3.4: Diagram of Element Mesh and Boundary Conditions 
 
 
The meshed geometry with boundary conditions applied is shown in Figure 3.4. 
Valid results for static loading could have been obtained using a courser mesh. However, 
a relatively fine mesh was needed for the next stage of using the finite model where the 
nonuniform magnet loadings are imposed on the structure.  
The boundary conditions imposed on the structure are due to the clips and screws 
used to secure the roof to the frame. The clips were modeled as rollers that constrained 
the model in the y-direction, which is perpendicular to the sheet.  The clip reactions are 





convention to model the line of screws as pins. However, through observation of the roof 
under loading it became clear that the actual boundary conditions along the restrained 
ends was somewhere between pinned and fixed. It is for this reason that the COMBIN 14 
torsional spring was used. The COMBIN 14 finite element allows the torsional stiffness 
that each screw provides the roof to be modeled more accurately.  
Figure 3.5 shows a close up view of how the ridges are meshed and the 
approximation used for the seam portion of the ridge. Figure 3.6 shows the actual ridge 




Figure 3.5: Finite Element Model of the Roof Seam Line. 
 
 





Solution and Finite Element Model Calibration 
The finite element model was calibrated using experimental data obtained from 
numerous tests conducted on the experimental standing seam roof set-up at Mississippi 
State University. Before a calibration was performed on the model, the reactions were 
within a reasonable distance from the average target solution. Since the theoretical clip 
reactions using tributary areas were within a close proximity to the experimental clip 
reactions confidence was given in the validity of the experimental data. Accordingly, the 
experimental values of these reactions were compared to the results from the initial finite 
element model. However, as can be seen in Table 3.1 the FEA model clip reactions #1, 
#2, and #3 which were located on Purlin Three are higher than the experimental, and the 
clip reactions for #2, #4, and #6 which are located on Purlin Two are lower than the 
experimental. Another problem with the model before the calibration was the relative 
values for clips two and four were reversed, which indicated that there was a major flaw 
in the finite element model. 
 
Table 3.1: Uncalibrated Model Comparison Data 
 
  Experimental FEA % Difference
Clip #1 179.63 199.91 11.289 
Clip #3 165.98 187.29 12.83 
Clip # 5 184.94 204.29 10.46 
Clip # 2 227.06 226.39 -0.30 
Clip # 4 240.00 221.1 -7.87 
Clip # 6 269.36 264.32 -1.87 
 
The location in the model where a flaw was most likely to occur was at the 





because of problems with modeling the portion of the ridge seam line. A check of the 
boundary conditions was made since the screw lines were modeled as pinned. By 
observing the set-up under loading, it became clear that the model is not perfectly pinned. 
However, the bigger question was on deciding how far between pinned and fixed did the 
actual boundary conditions lie. After several attempts with different levels of fixity it 
became clear that the actual boundary conditions lie very close to pinned. As the model 
approached fixity, the problem with load distribution became worse, with the clip 
reactions for clips number 2,4,6 falling even further below the experimental. Also for 
clips 1,3, and 5 the relative value between clips one and three began to reverse, which 
further proved that the screw line boundary conditions were behaving almost like a pin 
and that the major problem with the model was not primarily in the boundary conditions. 
 
 
Figure 3.7: Seam of Ridge Model 
 
 
The second item to be checked in the model was the seam of the sheet ridge, 
which is indicated in dark blue in Figure 3.7. Modeling this region of the ridge is 





is clear that the seam of the ridge has a certain amount of stiffness but it also has some 
flexibility. Therefore, a trial and error approach was used to model the stiffness of the 
ridge seam line. The thickness of the elements in this region was initially set at a 1:1 ratio 
with the actual thickness of the sheet. It was assumed that by increasing the thickness of 
the elements along the seam portion of the model the stiffness would be increased. As the 
thickness ratio was increased the model began to behave increasingly like the 
experimental data. After a series of trial and error, it was determined that a 20:1 thickness 
ratio put the model within acceptable percentage of the experimental values. This is a 
realistic ratio for the stiffness of the ridge seam line relative to individual thin metal 
sheets. The finite element values and experimental values after calibration are shown in 
Table 3.2. 
 
Table 3.2-Calibrated Model Data Comparison 
 
  Experimental FEA % Difference
Clip #1 179.63 193.47 7.70 
Clip #3 165.98 176.68 6.44 
Clip # 5 184.94 194.98 5.42 
Clip # 2 227.06 239.4 5.43 
Clip # 4 240.00 248.36 3.48 
Clip # 6 269.36 264.32 -1.87 
 
In the process of calibrating the model, it became clear that the stiffness of the 
ridge seam influences the clip reactions to a great extent. This fact explained why the  
experimental data tends to vary within an approximately twenty pound range. It also 
explained why on occasion an anomaly occurs, where some of the clip reactions reverse 





 The next step in calibrating the finite element model was to modify the boundary 
conditions. From previous calibration efforts, it was clear that the fixity conditions of the 
screw line were close to that of pinned.  By observing the experimental set up and how 
the roof behaved under load, this can be noted quite easily. Also in Table 3.2, the finite 
element model for Clip #1 produced a reaction that is within one percent of Clip #5. 
However, the difference between Clip #1 and Clip #2 experimentally was approximately 
three percent. This indicated that there was a problem with the model and it was 
determined to occur in the assumption that the boundary conditions were perfectly 
pinned.  To solve this problem, torsional springs were used to provide a small amount of 
controllable constraint. Through trial and error it was determined that the optimum 
amount of torsional stiffness to apply was 5 lb/in. The clip reactions from the finite 
element model when compared to the experimental after the addition of torsional stiffness 
to the boundary conditions improved, and are shown in Table 3.3. 
 
Table 3.3: Comparison of FEA to Experimental Clip Reactions 
      After Modification of Boundary Conditions 
 
  Experimental FEA % Difference
Clip #1 179.63 187.97 4.63 
Clip #3 165.98 176.94 6.59 
Clip # 5 184.94 195.5 5.70 
Clip # 2 227.06 227.19 0.05 
Clip # 4 240.00 235.41 -1.91 
Clip # 6 269.36 249.29 -7.45 
 
 The modification of the boundary conditions helped the accuracy of Clip #1 by 
decreasing its value relative to Clip #5. Increasing the fixity of the boundary conditions 





value. The only clip that was adversely affected by increasing the fixity of the screw lines 
was clip #6. The model was able to predict the clip reactions within seven percent of the 
average of several tests, and the results fell completely within the range of test data as 
shown in Figures 3.8 and 3.9. 
The relative values of clips #1, #3, and #5 all follow a trend where the 
experimental values of clip #3 are the lowest and clip #5 the highest on Purlin Three. 
Clips #2, #4, and #6 are all in the correct order with clip #6 having the greatest clip 
reaction and #2 having the lowest. However, there should be a greater difference in 






                 Figure 3.8:  Finite Element Clip Reaction Compared to Experimental for Clips #1, #3 and #5  





























                 Figure 3.9:  Finite Element Clip Reaction Compared to Experimental for Clips #2, #4 and #6































STATIC VERSUS WIND SIMULATION AND  
FINITE ELEMENT RESULTS 
 
A comparative study will be made here to show that the standing seam roof 
behaves quite differently under static uplift pressures and dynamic wind simulation 
loading. The results of the static tests will be used as a reference when compared with the 
results of the dynamic tests to define how closely the static test replicates the clip 
reactions of a roof under actual dynamic wind loading. 
Further, the finite element model developed for the prediction of the clip reactions  
will be utilized to give an educated prediction of the failure mode. Also a comparative 
study will be presented on static clip failure under loading as compared to the traditional 
tributary area method. The finite element model also will be used to form a comparison 
between the clip reactions recorded under magnetic uplift and the clip reactions that the 
UWO data should theoretically produce. 
 
Static Tests-ASTM E 1592 
Clip reactions for the two separate static tests are shown in Figures 4.1 and 4.2. The 
figures have been adjusted to remove the effects of the weight of the steel washer backing 




line to show that the experimentally recorded values are within a rough estimate of where 
they should be using the tributary area approach. Therefore, this rough estimate is needed 
to give validity to the recorded experimental values. It is interesting to note also the 
linearity of the recorded data up and until imminent failure or seam line slippage has 
taken place.  
 
Static Test Observations 
 Upon examining the static test data, it becomes clear that clips #2, #4, and #6 on 
Purlin Two carry significantly higher loads than clips #1, #3, and #5 on Purlin Three. The 
test data from both tests, Test #2 and Test #3, were almost identical and exhibited 
linearity of the clip reactions versus the uplift pressures. However, there is a difference in 
the order of the loads for clips #2, #4, and #6 between the two tests. This behavior 
occurred occasionally through out the numerous number of tests taken over the course of 
the project. The correct order, which has been proved in repeated tests, is shown in Figure 
4.1. For this reason, test #2 will be the static test used later for comparison with the 
dynamically produced clip reactions. The most likely reason for these anomalies was 
found to lie in the stiffness of the standing seam ridge line. The standing seam roof when 
loaded with the uplift pressure, may be placed in slippage mode or in an unnatural bind, 
which causes a load reversal between clips. 
 Despite the load reversal, Test # 3 illustrates quite well what occurs as a standing 
seam roof nears failure. After the uniform uplift pressure reached 78 psf, the deflected 
shape of the roof flats were noted to balloon excessively. At this point, as noted in Figure 




Purlin #3 picked up the load. This redistribution of the reaction forces ultimately caused 
the roof to fail at the seam line around Clip #3. The failure pressure for the roof was 
100.2 psf, which exceeds the design loading of 110 mph.  Failure of the roof was 
attributed to the loss of the structural integrity or stiffness of the seam line after excessive 
deflection, which caused the redistribution of the forces among the clips.  
Static Deflection 
 
As per ASTM- E 1592 requirements, the load deflection curves were recorded. The 
continuous monitoring of the deflections versus load using LVDT #1 and  #2 exhibited 
the usual nonlinear performance of the roof deformation. However, due to a malfunction 
of one of the two LVDT’s the deflection of the rib was not recorded. Figure 4.3 shows 
the deflection of the sheet pan under static loading. Video films taken of the roof loading 




















 Figure 4.1: Static Test #2 Compared with the Tributary Area Line 
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 Figure 4.2:  Static Test #3 Compared with the Tributary Area Line 
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 Figure 4.3: Deflection of the Sheet Pan Under Static Loading






















0-80 psf  





Prediction of Clip Reactions under Static Loading Using FEA 
 
 
 To provide a better approximation of what the clip reactions would be for the 
experimental setup the calibrated finite element model described in Chapter 3 was used. 
Figure 4.4 through Figure 4.8 show the approximation generated by the finite element 
model as compared to the tributary area line and the recorded clip reaction from Test #2. 
The Figures show that for all five of the clip reactions the finite element model predicts 
the clip load loading more accurately than the tributary area line method. The increased 
accuracy is in the ability of the finite element model to take into consideration the 
geometry of the sheet and the distance from the boundary conditions of each of the clips. 
It is pertinent to note the close predictions of the finite element model and the 
experimental results of the clip reactions. This fact gives additional justification to the 

































 Figure 4.4: Clip #1- Comparison of FEA Solution to Experimental 
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 Figure 4.5: Clip #2- Comparison of FEA Solution to Experimental 
























































 Figure 4.6: Clip #3- Comparison of FEA Solution to Experimental 
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 Figure 4.7: Clip #4- Comparison of FEA Solution to Experimental 





















Clip #4  


































 Figure 4.8: Clip #6- Comparison of FEA Solution to Experimental
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Clip Reactions Due to the 110 mph Wind Simulation 
 
The magnetic force simulation for the thirty four magnets that created the clip 
reactions of Figures 4.9 and 4.10 are shown in Appendix A and Appendix B. All magnets 
were working properly during the magnetic wind simulation. It should be noted that no 
research on thin standing seam roofing was successful to date in recording purlin clip 
reactions from laboratory testing on full-scale roofs. Furthermore, this is the first time 
ever that the purlin reactions were successfully recorded under simulated nonuniform 
unsteady uplift pressures of full scale roofs. 
 
Comparison of Statically and Dynamically Produced Clip Reactions 
 
 The maximum magnetically simulated clip reaction occurred at clip #2, which had 
a value of 531 pounds of force followed by clip #1, at 371 pounds. All of the other clips 
exhibited low reactions in comparison with clip, #1 and #2 and can be ignored in this 
scheme of true wind loading. In contrast, the failure load under the static uniform 
pressure test was at 1018 pounds. This indicates clearly that the static test corresponds to 
a much higher wind speed than the design value of 110 miles per hour.  
 It is to be noted that the full scale roof was subjected to date to over fifty cycles of 
simulated 110 mile per hour wind loading with no serious damage to the roof. Under 
repeated tests the roof has become increasingly fatigued and has some limited permanent 
deformation, but the seam lines have not been damaged enough to cause a loss in 


































 Table 4.9: Measured Clip Reaction for Clips #1, #3, and #5 























































 Table 4.10: Measured Clip Reaction for Clips #2, #4, and #6
























Comparison of Measured and Finite Element Based Dynamic Clip Reactions 
 
 The measured dynamic clip reactions under simulated wind loading was 
generated by the magnetic loading. Even though the magnets matched the UWO data 
closely, the magnets had a problem generating the very sharp peaks especially at around 
the 4200th reading where all UWO data points for all areas show a clear and unique peak 
in wind loading for a split second duration.  The magnets did not simulate the UWO 
loading properly at this time instant. This problem was partially due to the time lag 
between sending a signal to the actuator, the electromagnet, and the time lag to create the 
suction force with a variable gap distance coupled with adjacent electromagnetic nodes 
that exhibit significant cross coupling. All of these variables played a role in not being 
able to generate a very sudden high spike in the loading at this time instant.  
 The same finite element model that was successfully used to predict the clip 
reactions under static uniform loading was used to predict the clip reactions under the 
nonuniform and dynamic UWO wind loading. Figures 4.11 through 4.16 show the 
predicted dynamic clip reactions generated using the finite element model compared with 
the measured clip reactions obtained from the magnetic wind simulation test. The finite 
element model predicts that the maximum clip reaction under a 110 mph wind would be 
741 pounds. Whereas, the maximum measured clip reaction was 536 pounds.  
 It should be noted that the finite element model a computational tool was able to 
include the peak loads that last only a twentieth of a second and apply them to the clip 
reactions. However, an actual roof does not behave this way in real life. In tests 




loads, it was determined that loads that are applied at a rate less than 20 Hz cannot be 
duplicated with confidence at all times. The sheet metal simply does not respond fast 
enough. Therefore, a ten point moving average was applied to the UWO data to remove 
any stray peaks that would lead to erroneous spikes in the finite element clip reactions. 





















  Figure 4.11: Predicted FEA-UWO and Measured Clip Reactions –Clip #1 

























                 




























  Figure 4.12: Predicted FEA-UWO and Measured Clip Reactions –Clip #2 








































  Figure 4.13: Predicted FEA-UWO and Measured Clip Reactions –Clip #3 








































  Figure 4.14: Predicted FEA-UWO and Measured Clip Reactions –Clip #4 








































  Figure 4.15: Predicted FEA-UWO and Measured Clip Reactions –Clip #5 






















































  Figure 4.16: Predicted FEA-UWO and Measured Clip Reactions –Clip #6


























SUMMARY AND CONCLUSIONS 
 
 
 This is the first time that any research was able to get very close to duplicating a 
true wind tunnel loading scheme in the laboratory.  It is assumed that the magnetic 
approach to simulating dynamic wind loadings has been proven capable of achieving the 
desired function. The dynamic clip reactions were successfully recorded which allowed 
for the first time a comparison between statically and dynamically induced clip reactions 
to be made. 
 The use of finite element modeling also confirmed that clip reactions are a 
function of the structural integrity or stiffness of the seam line. It was determined that a 
consequence of loss of stiffness at the seam line is failure of the roof. This is because 
stiffness of the seam line is what determines the magnitudes of each of the clip reactions 
relative to each other. When the clips start being redistributed, seam failure or clip 
slippage is likely to occur. 
 The finite element model was able to predict the dynamic clip reactions better 
than the experimental setup in the sense that the model was able to replicate the peaks in 
the data. Also, using the finite element model to predict the dynamic clip reactions was 
much simpler. Using the magnetic setup to generate the dynamic clip reactions takes 




obtain a match.  Using the finite element approach reduces an all day task to one that can 
be accomplished in thirty minutes or less.  
 By using the finite element solution and the experimentally acquired clip 
reactions, a correlation can now be formed between the traditional static uplift test and 
the actual effects of wind loading. This correlation will help the metal building industry 
tremendously because until now there was no way to determine how closely a static test 
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COMPARISON OF REPEATABILITY BETWEEN  
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